ACL injury is managed with surgical reconstruction. 16 The timing of ACL reconstruction (ACLR) is usually subacute (2-6 weeks after the initial injury) to provide adequate time for the effusion to resolve while restoring knee range of motion as soon as possible. During this subacute window, even complete MCL injuries often exhibit at least partial healing.
A quadrupled hamstring autograft consisting of the gracilis (G) and semitendinosus (ST) tendons is one of the most common grafts used to reconstruct an ACL tear. However, there is evidence to suggest that these 2 medial hamstring musculo-tendinous units (G and ST) may contribute to dynamic stability of the medial knee. 4, 11 Thus, there is concern that harvesting of these hamstring tendons may lead to increased stress on the healing MCL injury. 4 In addition, studies have demonstrated that secondary ligamentous instability in the setting of an ACL tear, such as a concurrent MCL or lateral collateral ligament injury, is associated with higher failure rates after ACLR. 10, 14 If the MCL is injured and incapable of providing any substantial resistance to loading, increased knee instability after hamstring harvest may also lead to abnormally high stress within the ACL graft. It has therefore been proposed that harvesting a hamstring tendon autograft in the setting of an ACL and MCL injury would lead to higher failure rates of ACLR. However, there is currently little to no objective evidence to confirm this hypothesis.
The purpose of this investigation was to characterize the effect of hamstring autograft harvest on knee stability in the setting of an ACL tear with a concurrent partial MCL injury. We hypothesized that intact G and ST tendons would significantly reduce valgus and external rotation of the tibia relative to the femur.
METHODS
Institutional review board approval for this cadaveric study was waived.
Specimen Preparation
Fresh-frozen human cadaveric legs were obtained from an institution-approved tissue bank. The specimens had been amputated midfemur and were intact to the foot. Legs with major structural bony or ligamentous abnormalities, extensor mechanism disruption, osteoporosis, or septic knees were excluded. A total of 12 specimens were selected and stored at -30°C. Each specimen was thawed at room temperature for 24 hours before biomechanical testing. The mean specimen age was 67 years (range, 61-71 years), with 9 male and 3 female specimens, 8 of which were matched pairs. Once the limb was thawed, 3 threaded hooks were secured with bicortical fixation in the tibial diaphysis, oriented perpendicular to the long axis of the tibial shaft. The first was placed 10 cm distal to the joint line and directed anteriorly, the second 15 cm distal to the joint line and directed laterally, and the third 20 cm distal to the joint line and directed medially.
The muscle bellies along the midfemur were then dissected with careful attention to not disrupt tendinous insertions. The muscle bellies of the quadriceps, sartorius (SR), G, ST, semimembranosus, and biceps femoris were identified as these muscles cross the tibiofemoral articulation. Each muscle was individually sutured using No. 5 braided polyethylene suture (Arthrex) in a Krackow running-locking suture configuration, allowing for attachment to cables used to apply static muscle loads (Figure 1, A, B) . The specimen was then loaded onto a custom apparatus with the femur rigidly secured on a base plate attached to the testing platform ( Figure 1A) . The ankle was placed in an adjustable frame that would allow testing at knee flexion angles from 0°to 90°. Normal saline (0.9%) was applied to the specimens throughout the preparation and testing process.
Testing Parameters
The quadriceps was loaded with a 200-N force via a servohydraulic materials testing machine (Bionix Test System; MTS Systems). The sutures through the G and ST were combined (referred to as the G/ST) and attached via a pulley to a 40-N load, directed along their anatomic trajectory. The sutures through the semimembranosus and biceps femoris were combined and attached via a pulley to an 80-N load, directed along their anatomic trajectory. These muscle loads were based on previously determined values. 8 The SR was attached to a spring that was calibrated and tensioned to provide 20 N of force. The SR load was selected based on the physical size relative to other pes anserinus muscles and the related literature on crosssectional imaging. 13 At 0°, 30°, 60°, and 90°of knee flexion, each knee was statically loaded with a 100-N anterior drawer force, 10-NÁm varus force, 10-NÁm valgus force, 5-NÁm internal rotation, and 5-NÁm external rotation. Loads were applied through the previously placed threaded bicortical hooks using an S-beam load cell (LCCA-100; OMEGA Engineering) to verify constant force. The appropriate vector of each manually applied force was confirmed by aligning the load cell trajectory with the carefully placed bicortical hooks in the tibia. In addition, the adjustable frame used to position the tibia limited motion to the coronal plane, ensuring that varus/valgus and internal/external rotation moments were restricted to their appropriate plane of motion. Each specimen was repeatedly tested such that the same specimen was used for testing of each ligamentous and muscle state listed below. For each state tested, the load was applied until a steady force value was achieved. The degree of translation was then recorded as the average of the angular displacement observed over a 10-second period in which this steady force application was maintained. The ligamentous states included ACL intact/ MCL intact (I), ACL deficient/MCL intact (D), ACL deficient/partial MCL injury (DD), and ACLR/partial MCL injury (R) (Figure 2 ). Four different muscle-loading conditions were tested to quantify the effect of G/ST hamstring harvest and determine whether the SR alone could sufficiently stabilize the knee without a load applied to the G/ST. The muscle conditions included (A) G/ST loaded and SR unloaded, (B) G/ST loaded and SR loaded, (C) G/ ST unloaded and SR unloaded, and (D) G/ST unloaded and SR loaded (Figure 2 ). The sequence of flexion angles was randomized for each specimen. Medial parapatellar arthrotomy was performed and repaired before the first specimen testing to maintain the conformity of conditions. Given that an intact MCL is the main restraint to valgus stress at 30°of flexion, the SR load was only applied after the creation of an MCL injury.
Surgical Technique
Once the intact data were acquired, the previously repaired medial parapatellar arthrotomy site was opened to transect the ACL. ACL transection was achieved by direct visualization of the ligament and sectioning at its proximal and distal attachments. The ACL was removed from the notch, with care taken to avoid injuries to the posterior cruciate ligament or the menisci.
The simulated partial MCL injury was created with the method described by Battaglia et al. 2 Two parallel K-wires were placed approximately 1 cm proximal and distal to the medial joint line. A 10-NÁm valgus force was applied, and digital calipers were used to measure the distance between these K-wires to assess the increased medial joint line opening. The superficial MCL was then gradually perforated with a K-wire until the medial joint line opening increased by 5 mm (5.2 6 0.9 mm). Care was taken not to violate the deep MCL, posterior oblique ligament, or joint capsule.
Grafts were prepared from tibialis anterior allografts (Musculoskeletal Transplant Foundation). The allografts were folded over a suspensory fixation device (ACL TightRope; Arthrex), and the diameter was assessed using a sizing guide. The graft was then pretensioned to 15 N of force for several minutes using graft preparation instrumentation (GraftStation; Arthrex).
All reconstruction procedures were performed by a single fellowship-trained orthopaedic surgeon (T.J.K.) to minimize variability in the surgical technique. ACLR was performed using a retrograde drilling technique on the femur, as previously described. 1, 5 In summary, the location of the native ACL insertions at the femur and tibia were identified. Next, a femoral drill guide (FlipCutter; Arthrex) was set to 90°a nd positioned such that the targeting arm was at the center of the ACL footprint on the femur. The proposed lateral femoral entry site was then exposed via a longitudinal incision at the skin and iliotibial band anterior to the intermuscular septum. Next, a graft-sized retrograde percutaneous drilling device (FlipCutter) was placed through the lateral femoral cortex into the intercondylar notch using the drill guide. After confirmation of the appropriate drill location, a femoral socket was reamed in a retrograde fashion to a depth of 25 mm. After confirmation of the appropriate femoral tunnel position, the tibial drill guide was then set at 55°, and a guide pin was placed through the center of the tibial footprint of the ACL. An appropriately graft-sized cannulated cylinder reamer was then used to create the tibial tunnel over the guide pin.
Suspensory fixation at the femur was achieved with an extracortical metallic button, the seating of which was confirmed with direct visualization during placement. A minimum of 20 mm of the graft was seated in the femoral socket. Tibial fixation was achieved by tying the graft sutures over a bicortical screw post while maintaining the knee at approximately 20°of flexion.
Data Collection
Positional data of the tibia relative to the femur during static loading were obtained with an optical imaging system using diodes attached to the femur and tibia per the manufacturer's specifications (0.1-mm accuracy and 0.01-mm resolution; Optotrak Certus; Northern Digital). Femoral and tibial anatomic axes were defined before testing using a digitizing probe and bony anatomic landmarks. 16 Data were analyzed using MATLAB computational software (MathWorks).
Statistical Analysis
Previously reported means and SDs comparing intact and reconstructed knees were used to determine that 12 specimens would be necessary to adequately power the primary aim of anterior translation (a = .05, b = 0.80). 6 Statistical analyses were performed using R statistical computing software (version 3.2.3; r-project.org). After verification that the data were normally distributed for all loading states, a 2-way mixed-effects model was used to determine the effects of each ligament and muscle state and flexion angle on knee kinematics. If the interaction between the ligament/muscle condition and degree was significant, further analysis was conducted for each degree tested (0°, 30°, 60°, 90°) separately. The Dunnett method was used to adjust for multiple comparisons. Significance was set at P \ .05, and all data are presented as the mean 6 SD.
RESULTS

Anterior Translation
When a 100-N anteriorly directed load was applied to the intact knee at 0°of flexion with the quadriceps and G/ST loaded (Ia) (Figure 2) , the tibia translated 4.6 mm. When flexed to 30°, intact anterior translation remained similar at 4.3 mm and decreased as the flexion angle increased to 60°and 90°. Neither the addition of a 20-N SR load (Ib) nor the removal of the hamstring muscle loads (Ic) significantly changed the amount of anterior translation on the intact knee ( Figure 3A) .
Transection of the ACL significantly increased anterior translation when the knee was fully extended (P \ .0001) ( Figure 3B ). At 30°of flexion, there was a significant increase from the intact state when the G/ST muscles were removed (Ia vs Dc; P \ .001) but no significant increase when the muscles were engaged (Ia vs Da). There were no significant differences at 60°and 90°of knee flexion after transection of the ACL. The addition of a partial MCL tear further increased the amount of anterior instability, but this was not significant. The addition of muscle loads, either combined G/ST or SR alone, helped reduce the amount of instability in the ACL-deficient/partial MCL injury state at all angles except full extension, bringing stability near to intact levels at 30°of flexion ( Figure 3C ). ACLR restabilized the knee, decreasing anterior translation to values that were not statistically different from the intact state for all angles. Changes in muscle loading did not significantly alter the amount of anterior translation at any flexion angle after reconstruction ( Figure 3D ).
Internal and External Rotation
The maximum amount of internal rotation in knees with intact ACLs and MCLs and with G/ST muscle loads applied (Ia) occurred at 90°of flexion (13.2 mm). The addition of the SR muscle load in the intact state significantly increased stability across all angles (Ia vs Ib; P \ .05). Because condition Ib was the most stable condition when a 5-NÁm internal rotation moment was applied, it was used as a baseline to compare all other conditions. All ligament and muscle conditions were significantly less stable than condition Ib (intact with both the G/ST and SR loaded). The least stable condition was condition DDc with no muscle application, ranging from 7.22°of rotation in full extension to 15.74°when the knee was flexed to 90° (  Figure 4 ).
Changes in external rotation between ligament and muscle conditions were not dependent on the degree of flexion. When compared collectively across all degrees of flexion with the intact knee with the G/ST loaded, only the ACL-deficient/partial MCL injury states (DDa, DDc, DDd) were observed to have increased motion, which was significant when no muscles were applied (DDc; P \ .01) and when only the SR was applied (DDd; P \ .05) but was only marginally significant when the G/ST loads were engaged (DDa; P = .08) ( Figure 5 ).
Varus and Valgus Rotation
The application of a 5-NÁm varus moment to the intact knee with the G/ST loads applied (Ia) resulted in small rotations, ranging from 1.10°at 0°of knee flexion to a maximum of 2.52°at 90°of knee flexion. Resection of the ACL and a partial MCL tear had little effect on varus stability and was not dependent on the knee flexion angle. Likewise, ACLR both with and without the application of muscle loads resulted in no significant changes in motion.
Valgus loading of the intact knee produced similarly low rotations, ranging from 1.18°at 0°of knee flexion and increasing to 1.90°at 90°in the intact knee with the G/ ST loads applied (Ia). Transection of the ACL produced no significant increase in motion (Ia vs Da and Dc). When a partial MCL tear was added to ACL resection, there was a significant increase in valgus rotation regardless of whether the G/ST and SR muscle forces were applied. ACLR marginally restored valgus stability toward that of the intact state (Ia) when the G/ST muscles were loaded (Ia vs Ra; P = .066; 95% CI, -0.015 to 0.803) but remained significantly less stable when the G/ST were unloaded and there was no load applied to the SR (Ia vs Rc; P \ .0001). When the G/ST muscles were unloaded but a load was applied to the SR (Rd), this partially restored valgus stability but remained significantly less stable when compared with the intact state (Ia vs Rd; P \ .001) (Figure 6 ). For a more detailed account of the reported data please refer to the Appendix (available in the online version of this article).
DISCUSSION
The purpose of this study was to evaluate the effect of G and ST harvest on anterior and rotational stability in the knee in the setting of ACLR with a concurrent partial MCL tear. Our results demonstrate that the absence of loads on the G and ST, as would be the case when the hamstring tendons are harvested for autografts, did not lead to an observed increase in anterior tibial translation among knees that had undergone ACLR with a concurrent partial MCL injury. However, the absence of applied G and ST muscle forces did lead to increased valgus rotation.
Previous studies have demonstrated that increased force on hamstring tendons decreases strain on the ACL when the knee is in flexion, which complements our results. 8, 15 However, the amount of anterior and/or rotational stability provided by the hamstrings has not been fully characterized. The importance of hamstring muscles to medial knee stability has been suggested in review articles, but there are very limited biomechanical studies to validate this assumption. 4, 11 The only clinical assessment of how the medial hamstrings contribute to knee stability is a study by Pope et al 11 in which valgus stiffness of the medial musculoligamentous complex was determined in 5 participants. They concluded that the medial knee musculature contributes to dynamic stability. 11 Recently, Herbort et al 4 assessed the valgus stabilizing effect of an isolated load on the G and ST in the setting of concurrent ACL and complete MCL injuries. The loads at the G/ST used by Herbort et al 4 were 7 times greater than the loads used in the present study, and a complete MCL injury did not appropriately represent the more commonly encountered clinical scenario in which the MCL injury has at least partially healed by the time of surgery. In addition, no loads were applied to the quadriceps or the other thigh muscles that cross the knee joint, including the SR muscle. 4 Given that nonoperatively treated MCL injuries have been reported to demonstrate residual objective laxity on stress radiographs 2 years after ACLR without any detectable clinically significant deficit, we believe that the grade 1 partial MCL injury with a stable endpoint used in this study is an appropriate biomechanical model to investigate the effect of medial hamstring loads on valgus stability of the knee in this setting. 3 The present study identifies some key elements regarding static restraints to knee kinematics in the setting of ACL and MCL injuries that have not previously been described in the literature. We demonstrated that ACLR restored valgus stability only when the G/ST muscles were loaded. However, this result was quite close to being significantly different from the intact state (Ia vs Ra; P = .066), and it is possible that more specimens may have pushed the results toward a significant difference. It should also be noted that, although we have demonstrated a statistically significant difference in valgus rotation between the Ia (intact) and Rd (load on the SR alone) states, the absolute value of that difference was less than 1°( Figure 6 ). This observed difference may not be clinically significant.
Regardless, these results demonstrate that the medial hamstrings do play a role in maintaining valgus stability and require careful consideration, particularly when the MCL is injured. Loads applied to the SR alone restored some valgus stability after ACLR with the medial hamstrings harvested (Rd state), but this state was still significantly less stable than the intact state and less stable when compared with ACLR with the G/ST loaded (Ra state). This novel observation with regard to static loads applied to the SR muscle is likely because of the fortuitous relationship of the SR muscle insertion relative to the superficial MCL. In extension, the orientation of the SR fascia fibers is similar to the fibers of the MCL. Furthermore, the broad insertion of the SR is directly superficial to the MCL and can serve to reinforce MCL stability, to a degree, like a hammock. Thus, the SR may be an important dynamic stabilizer of medial knee stability and warrants further study to better characterize its function. From a clinical standpoint, surgical intervention in the setting of a concurrent ACL and MCL injury would likely benefit from minimal dissection of the medial knee soft tissues and should include repair of the SR fascia as much as possible.
There are several limitations of this study, many of which are related to the inherent factors affecting most cadaveric studies. This includes the mean age of the cadaveric knees utilized in this study, which is significantly older than the mean age of patients who benefit from ACLR. This may have resulted in a greater incidence of associated intra-articular knee abnormalities at baseline such as osteoarthritis or meniscal injuries. Another limitation of this study is that the static loads applied to the muscles crossing the tibiofemoral joint are not physiological, and it is likely that at times, in vivo, the dynamic loads applied by these muscles are greater in magnitude than the loads used in this study. Additionally, the legs were not weightbearing, and all tests were performed using Figure 5 . External rotation as a function of knee flexion angles for the intact knee with loading applied to the gracilis and semitendinosus (G/ST) (Ia) compared with the anterior cruciate ligament (ACL)-deficient/partial medial collateral ligament (MCL)-injured knee with the following medial knee muscle loads applied: isolated G/ST load (DDa), no muscle loads (DDc), and isolated sartorius (SR) load (DDd). In the ACL-deficient/partial MCL injury state, no muscle loads at the G/ST and SR (DDc) and isolated SR load (DDd) were observed to have significantly more motion than the intact knee (Ia; P \ .05). static loads immediately after the reconstruction procedure and could therefore not account for factors such as graft incorporation or changes in graft tension over time.
The results of this investigation have several clinical applications for surgeons with regard to operative management including graft choice recommendations and the surgical technique used for graft harvest as well as postoperative bracing protocols. Most notably, we provide biomechanical data to suggest that harvesting the medial hamstring tendons for use as an autograft in the setting of a concurrent ACL and MCL injury may significantly increase valgus laxity after ACLR. Repairing or not disrupting the SR fascia may help bolster medial knee stability in this setting. Current ''all-inside'' techniques involving isolated ST autograft harvest, which maintain both the integrity of the SR fascia and the G, would likely further decrease the potential risk of increased valgus stress on an ACLR graft in the setting of concurrent MCL injuries.
CONCLUSION
In this human cadaveric study of ACLR in knees with a concurrent partial MCL injury, the absence of loading on the G/ ST did not significantly alter anterior stability. However, simulated G/ST harvest led to increased valgus rotation.
